Abstract: Considering the effect of the installation error of ball screw on the working precision of machine tools, a method of detecting ball screw's assembly error via monitoring the average vibration magnitude induced by ball screws (VMBS
INTRODUCTION
Over the past few decades, developing more precise and high-speed feed drive system has become a noticeable trend for engineers due to the necessity of higher component quality and productivity boosts [1] . The feed drive system is widely applied to machine tools and automation equipments for its high transmission efficiency and working precision. In a considerable amount of research on modern feed drive systems, ball screws play a significant role in converting rotary motion into linear motion to carry medium/high loads [2] .
Kinematic analysis of the ball screw mechanism, which considers variable contact angles, preload and elastic deformations, were done in the study of Wei et al. [3] The contact angles formed at the position of each ball in ball screws is conventionally assumed to be a constant value in determination of contact stiffness, the variable contact angles and normal forces of the ball screw are predicted by Chen et al. [4] A preload is always applied in the ball-screw to avoid vibration and backlash during all linear transmission periods. theories for the kinematics of a single-nut double-cycle ball screw are developed in a dry contact condition by Wei et al. [5] ; The sliding wear is the main reason why the applied preload decreases or vanishes, a new two body abrasion model combining the kinematic theory describes the variations in the axial wear depths with the operating strokes [6] . For the diagnosis of the ball screw preload during its operation. Feng et al. [7] construct a preload-adjustable feed drive system, and also verify that the preload variation of a ball screw can be diagnosed by the vibration signals sensed at the ball nuts. In the case of monitoring the ball screw preload, a technique of determining the onset of preload loss in a ball screw feed drive system via monitoring the change of ball pass frequency is proposed [8] . Elastic deformations occur in ball screw drives typically due to inertial forces, guideway friction, and cutting forces. Amin et al. [9] present a new strategy for mitigating the detrimental effect of elastic deformations, in order to improve the translational accuracy of ball screw drives when only rotational feedback is available. Concluding from the studies mentioned above, we can find that the effect of preload and elastic deformations on ball screws cannot be ignored. Meanwhile, the method of vibration detection is feasible. In order to meet the requirement of machine tools' assembly accuracy, reduce the temperature-rise and deformation of ball screws, reduce the transmission torque of the servo motor and improve the reliability of the machine tools, the installation accuracy of ball screws should be improved.
The parallelism error between ball screws and linear guides exists during the installation. However, there is a lack of literature discussing about diagnosis of the BSPE during its installation. Therefore, this paper studies the effect of BSPE on the VMWBS to realize the detection of BSPE. The remainder of the paper is organized as follows : Firstly, a mathematical modeling of the effect of BSPE on the contact angle between the ball and ball raceway has been established, Saccording to Hertz contact theory, in which the relation between contact force and contact deformation is expounded, the method of studying the effect of the BSPE on the VMBS is proposed. And a data processing mathematical modeling is built up for the accuracy of results. Finally, the method we proposed is verified by experiments.
EFFECT OF BSPE ON VMBS

Effect of BSPE on the contact angle
Both ends of ball screw are connected with bearing seats for supporting and locating. Therefore, BSPE can be reduced by means of the fine adjustment of bearing seat's position shown in Figure  10 . With the increase of BSPE, a deflection angle will appear. Thus, the original system can be simplified to a freely supported beam system in which one side is fixed and another is free, as shown in Figure 1 . The deflection will lead to the change of contact angle and even the elastic deformation or contact stiffness. When δ≤C b +C g +C s +ε, it is equivalent to diminishing the clearance between the ball and ball raceway. When δ>C b +C g +C s +ε, it will cause the change of contact angle and even elastic deformation or contact stiffness. C b represents bearing clearance, C g denotes the clearance between the rail and the carriage, C s denotes the clearance between the ball screw and the nut, ε is other clearance.
If the effect of clearance is ignored and a assembly error is added to bearing seat, an inflection angle φ is generated between the initial axis and the offset axis. Given the length of screw is L, we can regard it as a right-angled triangle ∆ACB as for φ is small. φ can be calculated according to the law of cosines. After the offset of ball screw, the radial displacement of different positions on the ball screw is varied. Therefore, the contact angles variation of the ball and ball raceway is also disparity. The trajectory of random point D denotes equivalent to the rolling arc on the ball for the tiny error. It can be seen from Figure 2 .
Where r b denotes the ball radius. l denotes the random length of the ball screw, β denotes the variation of contact angle. Combining equations (1) and (2), β can be calculated as follows: Figure 3 is the three dimensional variation when the effective length of the ball screw is 800 millimeter, the diameter of the ball changes from 3.75 to 9.75mm and the assembly error varies from 0 to 0.2 mm. 
The change of contact force
BSPE not only increases the preload between the ball and ball raceway, but also results in the change of contact angle. Integrating with the bending deformation of ball screw, assembly error leads to the contact deformation between the ball and ball raceway. Figure  2 shows a normal section in the ball and ball raceway area. The contact deflection l in the ball and ball raceway area is defined by the following formula [10]   2 * 2 1
Where Q 1 denotes the normal force , ∑ρ denotes the sum of principle curvature, l =l sb +l nb , l sb denotes the deformation between ball and screw, l nb denotes the deformation between ball and nut；the value of δ * can be found in table [11] . The principle curvature ρ is given by [12] 
Where k * denotes the contact surface stiffness coefficient among ball, ball screw and nut. Details are available in the literatures [14, 15] and k * can be given
As ball screw's bending deformation, the actual contact force Q is given [13] 3/2 Q k l kw
Where the total stiffness among ball screw, nut and ball is k. ω denotes the deflection As the assembly error of the ball screw, the ball screw has unbalance in the working process, the method of VMBS is adopted.
THE PROCESSING METHOD OF VIBRATION DATA
The change of contact force will hinder the rotation of ball screw, which results in the increase of VMBS. VMBS can be detected by acceleration sensor. As the feed drive system composed by the rolling functional components is instable during operation, so the VMBS is fluctuant. Thus, multiple measurements on the ball screw's rotational frequency are needed to ensure that the data values obtained can reflect the actual situation accurately. In the process of vibration measurement, when the sampling interval time is the same and the rotation speeds are different, the number of sampling points is varied in the axis of ball screw. That is to say, the higher rotation speed, the fewer number of points is collected. n and m are the numbers of sampling back and forth shown in Figure 4 . Because of the shock at both ends of the ball screw have effect on VMBS, so the data at both ends of the ball screw is excluded.
Under each certain rotation speed and BSPE, we make the average of different VMBS gathered from multiple measurements. Then the optimal value can be selected where the minimum contact force can be got. The average of VMBS in different BSPE is Z δ .
Where P is the times of feed drive system runs back and forth, P≥1 ; When the feed drive system runs back, the VMBS of point i is x i , while runs forth, the VMBS of point j is y i . The final fixed position is determined by comparing the average value of Z δ under the different δ. For accurately reflects the relationship between the error and amplitude, the method of the minimum two polynomial curve is adopted.
EXPERIMENTAL VERIFICATION
Experiments setup
According to the experimental requirements, a test bed is set up shown in Figure 5 . The ball screw pair's type is HWIN R16-5T4-FSI of which effective length is 800mm. The linear guide's type is THK AP-C of which length is 800mm. The driving motor is ECMA-C20604 of Delta and the server is ASDA-B2 series. The bearing seats at both ends are standard. The fixed end is BK12, while the supported end is BF12. An initial location area is designed in the bearing seat and different BSPE can be achieved by using the feeler gauge of DL9502 series shown in Figure 8 . 
Data collection
The sensor which is the three-dimensional acceleration sensor of Dytran is fixed on the worktable as shown in Figure 6 . Vibration signal is collected and analyzed by using ECON MI-7008 in different rotation frequency of ball screw.
After setting the sample frequency and sampling number respectively as 10240Hz and 8192, we can collect the vibration signal when the value of speed is 1000 rounds per minute (rpm) and 1500rpm. The vibration signals perpendicular to the plane of worktable are collected. As the useful frequency is dozens of Hertz, so the low pass filter is added, the frequency and time domain signals are shown in 
Data processing and analysis
The VMBS will be extracted in different assembly error with special rotation speed. When the rotation speed is 1500rpm, 1000rpm, the data of the VMBS is shown in Figure 9 -10. As shown in Figure  9 -10, the change of VMBS is fluctuant, which gradually similar to sine curve as the speed diminishes. This is because the higher speed, the less sampling number is collected, under the same sample interval. During the actual installation, the bending deflection of ball screws is reduced by applying the pre-stretch force. Then the bending deflection degree can be detected by the proposed method. Averaging the extracted magnitude and data fitting according to equation (9) , the change of average VMBS with different BSPE is got under the varied speeds, shown in Figure 11 . Figure 11 . Effect of assembly error on frequency magnitude
From Figure 11 , we can find that the average VMBS increases with the increase of BSPE. Under the speed of 1000rpm, the average VMBS rises steadily. In order to improve the installation accuracy and efficiency, we can find out the speed at which the average VMBS of the special drive feed system rises steadily with the adjustment of BSPE.
CONCLUSIONS
In order to improve the assembly accuracy and efficiency of machine tools, reduce the effect of ball screw's temperature rise on working precision, reduce the transmission torque of the servo motor and improve the reliability of the machine tools, this paper researches the effect of BSPE on the VMWBS by experiment. The results are as follows:
(1) The average VMBS increases with the adjustment of BSPE. It provides theoretical basis for the study of assembly error. The result data also verifies the feasibility of detecting the parallelism error between ball screw and rolling linear guide by vibration test.
(2) This study provides an approach to monitor the ball screw's bending deflection and the BSPE, which is valuable for improving the working precision and assembly accuracy of machine tools.
